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20. Abstract (Contd)

At some intermediate N9 0 feed rate, the exact point being a function of the
discharge power and the Ar/N 2 0 mixing ratio, neither N nor NO leaves the
discharge, only atomic oxygen. Adding molecular nitrogen to the discharge
also eliminates any NO product, but at the penalty of a slightly reduced O-atom
production efficiency. We have produced atomic oxygen flows in excess of
20 Pmol s - 1 at pressures near 1 Torr and discharge powers of only 30 W.

We have developed a kinetic model of the discharge to help explain the
experimental observations. Our model reproduces our experimental observa-
tions reasonably well only if the electron-impact dissociation of the N2 0 in
the discharge proceeds through a spin-forbidden channel to produce
O(3P), and if, in addition, about 20 percent of the N20 dissociations result
from collisions between metastable Ar atoms in the discharge and N90.
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O-Atom Yields From
Microwave Discharges in N 20/Ar Mixtures

1. INTRODUCTION

Atomic oxygen sources for flow reactors take a variety of forms, and each

has its own particular strengths and weaknesses. The simplest technique for

making atomic oxygen is to dissociate molecular oxygen, usually in some form

of discharge, the 2.45-GHz microwave discharges being most common. I These

sources are somewhat limited in overall yield and generally produce large

quantities of accompanying electronically-excited metastable singlet molecular

oxygen - 2 (a 16g, b 1E+). 2 -5 In pure molecular oxygen the dissociation2 xye
efficiency is generally only a few percent. If the oxygen is highly diluted in a

(Received for publication 28 January 1983)

1. Howard, C. J. (1979) Kinetic measurements using flow tubes, J. Phys. Chem.
83:3.

2. Elias, L., Ogryzlo, E.A., and Schiff, H.I. (1959) The study of electrically
discharged 02 by means of an isothermal calorimetric detector,
Can. J. Chem. 37:1680.

3. Mathias, A., and Schiff, H.I. (1964) Discussions Faraday Soc. 37:38.

4. March, R.E., Furnival, S.G., and Schiff, H.I. (1965) Photochem. Photobiol.
4:971.

5. Cook, T.J., and Miller, T.A. (1974) Production of 1 6 02 from microwavedischarges in C0 2 , NO 2 and SO Chem. Phys. Lett. 25:396.
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rare ,as blulfiCl SUh as Al- Or lie, dissoc-iation elficieiicies Canl ext eed 50 pter-0

cent, - but due to tne larice diliution, the overall atomic oxvgon *Aid is still low.

[he other ma.or tc chnique is to Convert N-atomls to U -atomls :iv titration with

Nhis ttuyhnique has the advantage that the absolute flow rates will be equal to the

floet rate of' the nitric oxide added, provided atomic nitrogen is in excess and that

the measurements requiring the oxYgen atoms are mnade before they have a chance

to recombine. If significant recombination obtains, a large fraction of the minoec-

Wiar oxygen formed in the atomnic recombination will be 0 ,,(a l r~ he yields

of atomic nitrogen from conventional discharge sources are generally even lower

than those frorn oxygen discharges, so the maximum 0-atomi flowk rates again are

Iim it( df.

The thermal de comnposition of 0.2, 0 ,or N. 0 in contact with a Nernst glowc r
L' Po

is also useful for certain applications.'~ The clajims for the lack of reactive-

impurity production by this technique are mixed, and yields are small, being

limited to atomic-oxyge:n flow rates less than a micromole s
Photolysis of molecular oxygen or some other oxygen-donating species with

vacuum ultraviolet laser pulses provides a potentially very clean source of atomnic

oxygen. itProducing radia liv and axially uniformn numbher densitiesF of 0-atomis

in the flow tube, ho%% ever, require(S e'Xtre'me, care. In addition, current laser

dfvelopriient limits this 4technique- to atomic -oxygen flow rates, on the order of

1 ~ I 01 or 1( ss.

vcmal vears 'ti I nu c-Ii 111 e that raicro%%ave dis chai-L es throuvh !ni.Nturi s

,of I . u :'u e (ronious ua oti tifs ()f 'Atoll, i c occ ref

o X t. c Ib c ut -Ito 1r i - .:K& 'r a2F1 )ro du ttc i 'a1tf an o I er1 .f

N tr~er '~ith )f )\i - 0 itro'a,.n a th Int.~ ~ Coo uti ol 1).o

1. o: 1 iatioll or zI 1,.% x suri id' , hni llhxS. 4: r 1i

[limAi, O.PI., 111 t eo ' .i' S ii E l h .Protlue tIO i n
)OP) AtOINj I Vln I Frui J'It C ittdul(> US and mel lhi RI a( tmoi \'ith~(

It lit, 'il)~ orobi-itiol, p. 3101

LI Ic umb, .1. 1_ , a Kaufan, F. (07') !,Inc Li :S of thl( () + (I cto

J . C hemni. f!!"Ys.H:17 .

R1 a l Ii n s , A . T . , PFif) eX, L. GC, (C 0
t o n i a G. 1-. a nd Gi r eeti, I L D ( 1(8 1

(jOC IIISL Re search, Phvsi adl. Scinto 9~ Inc. TR -2,,8.

12. U ig, ,Y. .1 '4 3) Ai t i..- ant av e d s.,ha rg e in N- 0t -N mIixturfs. A prolific
sour(ce of ox -cn atomns .'ti.Phys. Lett. Ti2:331._
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magnitude greater with N20 discharges than he could obtain using a molecular-

oxygen discharge operating under the same conditions. His measured yields were S.
not particularly impressive, a maximum O-atom flow rate of 0. 5 mol s-l but

the atomic oxygen his discharge produced clearly suffered severe derAltion by

r, combination between his disrhaire a ,idetector.

Intrigueo by Ung's results, and needin to find a technique to prw'cli c relative-

ly iarge flow: s of atomic-oxygen without Large accompanying floe. s of ici eular S
oxN tn, vwc bc.gan to i.'s,.stiat- tui'tht :- tht. iiaracteVisti"s.)f "Ar/N. ) 1i;, ti

- l's i c tisctl0. har. -flo\x n~pp t to '1: aStr' tht air -ifteigi( m io t ii lt

U12'. ,:j, 'o,. n - i trl :ir;iarc: , s , . \' bil ou0 1(ils " 1: w .w',' . t ,i' ,i

o.Irs claim tiIit ,i":\ '-2 , I 1 iO u'tien 1- an ol e .li !ila iio!iI' ' ;i11 ' ilt.1

• " t~~~~uinrl N, t) a: t !' uts a alas c an ijJ~iost'c to illi i,)i i[ iNWe~y' l b Vh i\" t 100. 11.'

AI N, di. ihal ces prodnu. _.rcc2 liom rattes of atomi oy-(1 n ani' thzit tI Vth(' rmol'.

under ce rtnfn conditiona n-,,iigibh' fiocA ro tes of ato!nic nitrot2en oti ti-iC i' de

2 i2(i0' ' twni 11 -( 'Nyi'i11 I 0.% .

2. I \111ratNU \1.%.

Tlhe apparatus is a modification of one 'e have used previously in a numhc.e

of other studies. 1 -1 It consists of a 2-in. flow tube pumped by a Leyhold-

-Ieracus Roots blower/forepump combination capable of producing linear velocities

13. Kaufman, F. (1958) The air afterglow and its use in the study of some reac-
tions of atomic oxygen, Proc. Roy. Soc. (London) 247A:123.

14. Kaufman, F. (1973) The air afterglow revisited in Chemiluininescence and
Bioluminescence, M. J. Cormier, D. M. Hercules, and J.--L, s.
Pp. 83-l0ll.

15. Piper, L. G. , Caledonia, G. E. , and Kennealy, J. P. (198 1a) Rate constants
for deactivation of N, (A)v'=0, 1 by 02, J. Chem. Phys. 74:2888.

16. Piper, L. G., Caledonia, G.E., and Kennealy, J.P. (1981b) Rate constants
for deactivation of N (A 3E+ v'=0, 1) by 0, J. Chem. Phys. 75:2847.

2 3 +
17. Piper, L.G. (1982) The excitation of O( 1 S) in the reaction between N 2 (A E)

and O( 3P), J. Chem. Phys. 77:2373. u

18. Rawlins, W. T., and Piper, L. G. (1981) Effects of excitation mechanism on
linewidth parameters of conventional vacuum ultraviolet (VUV) discharge
line sources, Proc. Soc. Photo. -Opt. Instrum. Eng. 279:58.

19. Piper, L. G. , Clyne, M.A.A. , and Monkhouse, P. B. (1982) Electronic
energy transfer between metastable argon atoms and ground-state oxygen
atoms, .J. Chem. Soc. Faraday Trans. I1 78:1373.
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2.~ ~ "I ~ li ~ I I :( i t ~.lL I! k 11j i P lt sI U 11t ~uI L I a -1 --
Al L I L [)'L : I ,I 1 L I IIL : I : Z k t. L il i v 'IL)k i t L)l I i t] U I)', L, Lt -1. i ) !

a. -" ilI S, I-I I ICltl'( l iLaU lS Ut tima. 1', 1 ' tI C I In

ha-'- 1), (.ch ha1 th r InI lx s bt 1 Ia Ibr'atk i % ith silbon 11 li ,, ' ' L ly

II Iatl OI Ct ', r l'. I\picail v t. i .flo.a rates fol al-lon, nitiOLIS ONt UC, anlo he li111 \.('crc

1 1, I to 1 t), 12 i itoi s', rtisp(,ctiv(.\, tihL total ( 1'. 1. ."2 l'o , andi

Lil1 t' . \ i' ' ' 'V 1 . 1

l'h' a ZrOn1 antC nitrogen lloa% thlrough 10c01i CUtlar-sievC traps to remove 1190

andt ( 0 prior to .ntryv into the flow reactor, khile the helium flows through the

injector straight from the cylinder. Most ex-periments used nitrous oxide

(-99. 0 percent) straight from the cylinder without further purification. The major

impurity in nitrous oxide is air. fWe tried removing any air from one lecture

bottle of nitrous oxide by freezing the contents of the bottle with liquid nitrogen

and then pumping on it until the pressure was below 1 nTorr. No volatile residue

remained after a few cycles of thawing, refreezing, and pumping. Experiments

with nitrous oxide purified in this manner gave identical results to those in which

the nitrous oxide was used straight from the cylinder. Nitric oxide, which was

stored in a 5-i bulb, was purified by flowing slowly at atmospheric pressure and

room temperature through an ascarite trap, then through a trap immersed in a

liquid nitrogen/methanol slush bath (175 K). Final nitric oxide purification

involved several freeze, pump, and thaw cycles of the gas in the storage bulk.

The ascarite trap had been previously baked overnight under vacuum.

2.2 Ieermhaniiion of 0 a(d N or NO Number Densities by .. ir-Afterglow

Mixtures of atomic oxygen and nitric oxide emit a continuum radiation called

the air afterglow, which extends from 375 to beyond 3000 nm. 13, 14,22,23,27-31
" . The intensity of this emission is directly proportional to the product of the number

13
densities of atomic oxygen and nitric oxide, and independent of pressure of bath

gas, at least at pressures above about 1.2 Torr. 14 Thus, the emission intensity

of the air afterglow is

IO/NO 1 )[OINOI (2)

where K () is a calibration constant specific to the particular viewing geometry

and incorporates such things as detection system efficiency, the size of the

. observation volume, and the absolute air-afterglow rate constant. K is a function

Because of the large number of references cited above, they will not be listed
here. See(- lieferenles, page 4 1.
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of v.aTveiellrtrl both thrlough. the deteCtion systems' spectral response as well as

Through the wavel4ength variation of the air-afterglow rate constant. Air-afterglow

LntensitV mneasurenients on known nomnber densities otf both U and NO determine K.

Fitrat ion of N \k itto No IReation (01 produces known number densities of atomic

In thre 0senc oif added nitric oxide, N-atomj iccorn hination generates cherni -

no' Ies PWSclnc from tL( i' ltroten first-positive Dalids. the intensitv if which is

'p 1 '00 rl'.t-ioltiv cIIL~st:: lt(r'lsit\ nc (N-'Suntil Stubj point

lil, !j !:I 0 t 'it 'I bounc thl a~imoit (_t N-aitnmji initially iii the flo%%. -
fit!W t t )l i th. No tittn, 'd]! N initiallY in the, reactoc has

iT- i 1,)! i , n,! tht ( '1 tot' ..5 ! i . ITII.u .0 r llcola No)

sttj 'tll' 1Wi a:';''.ulI thE -::IT 'tot o'.' r N-aTiom titcation plot is,

f I.;! lI' t ~ l lit tii a 'i ;w.,. intcrliit\' ai.- nIa !1 ron 111

ti ' i r t o f1 14 o -tiI Ttv\ re u, i ti thei a ir - af tei Tlon i nt(,ris i tv to

thi ptl-'lu, t~ )I i No I i dir lium6ItI r rt\' of N -ntoi s initially11 in thll rea tor'

p ''.'0I- dil' I, al": th' ('I "Join num 0(r TlI'itVfo NO aIdditions beyond tiv'
Il~i:'Ti 'p o'tt, *~t~t , ~pc"to tli No nilin b( r 'leni',t that Woilohio:

III 1* ths't I i; 't' tior: (1. 1 fif fa' tor' 1 tlif.!i is7 dete rohrlr' to be tne r'atitt of

the r' -':'' i' p to Lil it( I(cpto 01 c tlt.in.i des cribinii the change in air'-

[lie nt' ( ilvto 'I5u'rment5 moiivd 11!itoritlg the air -a fterglox% inten-
4 5 (P-;t' Mt trhlL i' to liv ['' ijiferent nuilnlher dit ns itics 01 aidded nitric oxide. File atomic -

oxVy4IenL1h I-be Ilen1Sito, is tlw- VLati of th 61o01)( of the I [NO].
() N( Z'i ldhd 1Plot

dhivided bY thuc-'a libration constant, K. .'in intercept of the 1 / No vs INO] line on
the. ordia tc ini it(,,- tici t nitii ox i'lc is anl N,)OI-dIi.'ihari'u product along with the
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a1to)t Ic 0X Mctai the IILITIb~ (locr t, of this product No is the ratio of the inter-
rep! to Slojpc of thle l()/Nt) v> N0 line. An intercept on thle abscissa indicates

that nlitrooen atomls, produced ill thet N,)0 discharge along with the atomic oxygen,

consuined sonie of the added NO. Thle initial N-atom number density is equal to

the added NO number density at the point of intersection of the I O!NO Vs [NO) line

and thle abscissa. 0-atom number densities determined from the slope of such

plots must be corrected for the additional atomlic oxygen made in the titration of

thle initial N atomns with the NO. The large rate coefficient for Reaction (1)324

andi thle long flow time from the discharge to the observation point (:z 45 ins) pre-

cludes thle possibility that both atomic nitrogen and nitric oxide will coexist as far

sthle dvWtetor.

A series of calibrations taken over a period of time established K to be ±8 per-

cent. The slopes of the t0 'NT( vs IN0I plots for the determination of 101 had

standard deviations less than 5 percent. Thus, the determination of 101 is in

p~rincuiple accurate to zld0 perc:ent.
After determining the 0-atom and N-atom or NO number densities, we con-

verted themn to flow rates so that we could make reasonable comparisons from one

set of conditions to another. Pbis approach affords greater recognition of the

similarities and differences between experimental runs. For example, runs with

*1-1! JAmofl s of argon through the discharge, generated approximately the same

0- ind NO-product flow rates from a given input of N,0 whether the pressure was

1. .2 ot 1.22 ) orr. M'e number densities of the products from the two experi-

in.( nts, hlo. ('vecI, cIf1erd by a factor of 2. 5. Under our baseline set of conditions,

I Ilim .sIlol s I:) Pillol S 1, p)z 1. 2 Torr, and 30 Wforward

polve from thle discharge, an atomic-oxygen flow rate of 20 uAmol s corresponds

to anl 0-atomn number density of about 5 , 10 atomls cm .1 In one experiment3

wec produced more than 1,13 ['on' of atomic oxvge~n I.-mns downstream from the

di arE at a powel. ol oly -illIlk,

Ore( compi i ration inl usilt- thle air-afte rlowv technique to measure 0-atom

numlber. denisities is the( slo%% remloval ofi atomic oxygen in a three-body recombina-

t!oP *s aI ti011 W th NO):

HIUSa il, 1). , and~lt N. 1%. It. k1h)Ninetic stud,, of rround state atomic
nitli r0 N h )byt t l(- re o1ved atom ic resonance fluorescence,

I. hm .Sn . I aradav [Trans. 11 7

4 5:3.cFe, .J. If. AIicbacl. J1 . ,,Pavne., \ Aand Stief, L.. .J. (1978) Absolute
r ot tilt (.atioti of N(CS) 'i th No from I is!-4 0, 1 xith DF-IlI' and

21 (lil N. A. d .\1j( lcernid, 1. '. (1 7 ) \lass spe etroomtric detrroma -
tio is o1 the iatt s o1 citenertarv reactions ot NO andi NO,, with 0 oLIni state

a atom::, i. . I i 1-t22x, I:~. 1 1 218



*

() + N) - N., + l (k r = T1 0mocule - for A=

(r.)
+ o' (1, 12 ) -

N+.,O) NO + 4), (k. = !. -3 1,) -12 (lfl molecule s (7)

The second reaction is fast, and maintains a constant NO number density, while

doubling the effective rate at which 0 is removed in Reaction (6). The effect of

these reactions is strongest at higher pressures (> 1.5 Torr), longer mixing times

(> 3 Ins) and large NO number densities ( 14 molecules cm- 3). Corrections

for this effect were generally less than 5 percent in the calibration experiments

to determine K. However, in a few of the experimental runs at higher pressures,

slower flow velocities, and large product nitric-oxide number densities, the cor-

rections were large. These cases required an iterative procedure to correct the

data.

Because the nitric-oxide number density is constant along the flow tube, the

removal of atomic oxygen by Reactions (6) and (7) is a pseudo-first-order process

with a rate coefficient double that appropriate to Reaction (6) alone. Thus, O-atom

number densities decay exponentially down the tube:

__0_ '<~~ 101C kr. P

10] = exp - NO] lz+ [NO1 2 ) (8)

where the pressure, P, is in Torr, V is the bulk flow velocity, and the subscripts

I and 2 refer to number densities or distances, z, between the discharge and

injector and between the injector and detector, respectively. The correction

procedure first involves computing approximate O-atom and NO product number

densities from the raw air-afterglow data. Second, a set of corrected air-after-

glow intensities results from multiplying the observed air-afterglow intensities by

the ratio 101/101 [the inverse of Eq. (8), using the approximate NO number

densities determined I. Atomic-oxygen and nitric oxide number densities are then

iteratively recomputed from the corrected intensities.

35. Baulch, D. L., Drysdale, 1). 1)., Horne, D.G., and Lloyd, A. C. (1973)
Evaluated Kinetic Data for High 'emperature Reaction. 11. Homogeneous
Gas Phase Reactions of the 112  N 2 -02 System, Butterworths, London.
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Figure 6. Air-afterglow Spectrum From Discharged
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Corning 3-69 glass filter. fAr= 4882 umol s- 1 ,

fo= 45,mol sl, p = 3.50 Torr, power = 50W
2

Figure 6 shows the continuum emission known as the air afterglow that results

from recombination of atomic oxygen and nitric oxide. The peculiar spectral dis-

tribution is caused by a Corning 3-69 colored glass filter that eliminates radiation

to the blue of 520 nm, and by the rapid decline of photomultiplier sensitivity at

longer wavelengths. The true air-afterglow spectral distribution declines only
22 ..

25 percent between 600 and 800 nm.

The preceding observations identify atomic nitrogen and atomic oxygen as

discharge products at low N 2 0 flow rates. At high N 2 0 flow rates nitric oxide

accompanies the atomic oxygen, and at intermediate N 9 0 flow rates, the discharge

produces neither nitric oxide nor atomic nitrugen, only atomic oxygen. Figure 3

shows that this intermediate point where neither N nor NO is made, is a function

of discharge power, occurring at higher N20 flow rates when the discharge power

is higher. The initial peak in intensity at 580 nm, which is due to atom ic-nitrogen

recombination is much more intense at higher discharge powers, indicating

* greater N-atom production rates at higher powers. The dramatic increase in the

air-afterglow signal at higher discharge powers that is observed at high N,O flow

rates, shows that the higher-power discharges produce much more 0 and NO.

2 o
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Atomic-nitrogen yields from the Ar/N 9 0 discharges at low flow rates are

generally 10 percent or less of those of atomic oxygen. Nitric oxide production at

the higher N 9 0 flow rates, on the other hand, approaches that of atomic oxygen

under certain conditions. An additional interesting feature is that the product-NO

flow rates appear to increase linearly as the N40 flow rate through the discharge

is increased.

Figures 9 and 10 show how the 0 and NO products vary with N,0 flow rate for

two different argon flow rates at each of two different total pressures. We have

omitted the appropriate atomic-nitrogen curves for clarity. The intercepts of

the NO data indicate the transition point between N and NO production. Fhese plots

show "hat higher Ar/NO mixing ratios suppress nitric oxide production, and that

the onset of N) formation is delayed to higher N, O flow rates, and the efficiency

of NO production as a function of N2 0 flow rate is smaller for larger flows of

argon through the discharge. The slightly smaller O-atom production efficiency

at the higher N2 0 flow rates in Figure 9 for the case of the large argon flow

through the discharge probably results from a larger fraction of the available

discharge power being taken up by the argon. The lower O-atom production

effie incey of the iiw argon flow -rate case in Figure it) probably results from

enchanted aall recombination of the atomic oxygen at the lower pressures during

the longer residence time in that discharge. Atom ic-recombination wall efficiencies
4u

in a( tive dischargcs often are on the order of 0. 1 to 0. 01, large enough to make

%, all it conibination a diffusion- controlled process.

iLguce 11, in v. hich the discharge iesidence time remains relatively constant,

agai:.'hs ti.e sia:n . trends. in nitric oxidc for'mation as a function of argon flow

rcc , throuiuh the ris iare,_ as was sho %n in F-igures f and 10 for the case of con-

Sigl' Ie I' :;ts...s tht -t constant at gon flo, rate, nitric oxide formation

-risciS n itic,. tupol, dis.ha' I-e s ich.n (e tm , nor pressure, thu.s reinforcing

, , :- i I 1C ( the i ( s - 't- \kas , t(nstant and Figure 11 where the

rt -I,'O . till! s i sir : ir. Tlhe di.t 'ones in (0-atom produc'tion e.fficif mmty in

i 1.? 4.1. ,. tit- ,I. , and 1.?4 "'- ,)rr .asts o ay not be significant. Th.

'.,mIic coo l, t".'iatc of an,\ pair o f these d-ta points fron! ther aIv( rage is only

pt I, t , zocl '. , ckc a ti -ipate 3 ieprodu, ibility bet'A(( n dlata taken Unler tlh(

s501cc oI)t !',ctl s 1,t on !iffl'rent day.s to b( any bettcr than 11, )cr( nlt. Ihe loe er

(0-ntcl po')! t ll tit( ti L host prcessuro pr'lhabl \ results front ,hem i cal remitoval
of 11 !'-irm ,i oil h e, sidcenut tiM. S and at the higher umcr de.sitieS ot

,., ', t.e. '-,'- ,: u ttt. ri , hal: c e c ion.

= i. Nc'*',.:c, I. (11I lil pluoriu tito of atoms and siniple radicals in glow:
'11 , lthci cc , L2 'i ' es in ( hec . Ser. 80:20.
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.riiC tlmolecuiiar nitroiten to the discharge suppresses nitric -oxide formation,

bUt Dt the eXIpen1se of a I'educed atomi -oxygen productiol efticietV. F igures 14,

1. , llt) 'in c1nonsti'ate this point for cases of low. medium, and high initial

nitric-oxide production efficiencies, respectively. For the case of low N 20 flow

rate, fairly smaii flows of N, remove all the NO whereas, for the high NO flow -

rate case, even ihen the N., comprises 3o percent of the total flow through the

dischiargc, some of the NO remains. E'ven so, the nitric oxide product is reduced

by almost t.o orderS of magnitude while the atom ic-oxygen effluent only is halved.

Figrure 17 demonstrates that increased discharge power enhances significantly

atomic-oxygen yields at the higher N20 flow rates. At the low N C) flow rates,

the 3 1- 31(d 51)-\% discharges produce 0 atom s from N.C with equal efficiency.
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However, at the ntahest NV0 f to.' rate studied, the 3t0-%k discharge prodluces

a tiw' Iru t ort ain to IL'yee Ulrtian lous the 30 -W discharge. The apparent nitric

ox iS pi'o'uk'ilhi t'Ifl it mic LCsetrm to tbe S it har for' the two ditterent powers,

Lu riugir Au knort trot tw i trt it-emmaln rein tng to 1'igure 3 that dwi higher power

dis 'barge requires biltei No) tilo: rates before NO-production cutribueot es.

t. KINt. 1 IfKP{'CHN

ilollow bo IIE 171g , xxt xpt. ted N.t 0decomrpos itnon ii a itt itoxiave dsirige

Aodd 0'L" i ritrarfliix in or s~uriioxx t'ud eier'tron-irrpat't dissoctiation pathw-ay.

L- + N>,O - N., +' ()(11) + ,(i)

xx rdr the 0 (1W) rap itlir quc-11hed to O( 1 by Ar aidc wail Collisions. The pr'inciipal

para'for 'NO lorroatiOri thenl would be reattion Of 0( 1)) w .ith N9 0:

0(1)) + N,9 O - No + No (i
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and (11) would tiOnStitUte a prolifiit sourtce of No), in tcontrast to our obseriv ation of
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Ar* + N2.0 N 2(B 3 H )+O(P)+Ar (3) p

appears to be another important pathway for O-atorn production. Electron-impact

dissociation of metastable N2 , primarily N2 (A 3 E+) formed by rapid cascade from

N2(B 3 1l ) produced in Reaction (13). is an important source of N at low initial
2 g

N2 0 levels:

e + N2" - N + N + e (14)

The next sections describe the final kinetic model, the choice of rate param-

eters for the calculations, and the kinetic interpretations of the data base that the

modeling implies. rhe kinetic modeling in this context substantiates mechanistic

interpretations of the experimental data. It does not determine ab-initio quanti-

tative rate coefficients or species concentrations, nor can it. However, the

results of the modeling can give reasonable estimates of the magnitudes of con-

centrations of species not observed directly in the experiments.

4.1 (hoice of Reactions and Rate (Jeffcients

Figure 18 illustrates the flow of chemical processes in one model; abl I

lists important reactions and their rate coefficients. In this table, .\r deLnotes,

collectively, the 3 P and 3 P. Ietastable states of argon, :rnd N., denotes Ilecta -

stable N, (A -+) as formed by rapid cascade from the higher elcctionic state thal

are the actual initial products of the rCatctions. SoMc of the N., I(.lnoal tat"

coefficients incorp)orate the possihi!ity of vibrational cxitation. lIatk coelfi, wit -

for the neutral bimnolecular reactions come friot infor:lation| availa lic in tilt

litera ture with no further adjustments.
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Discharge 2

-16 2
T 500 K, E/N 101 V cm , average electron energy -2-3 eV, and primary

-1 3
electron density -3 '< 1011 cm , with uniform properties along the entire length

of the active discharge.

The dissociation of N 20 by electrons can proceed by three possible pathways,

forming 0((P), 0(ID), or NO. The N-NO branch has the largest energy threshold

[4.93 eV as opposed to 1. 68 eV for N 2-O(3 P) and 3.666 eV for N 2-O( 1 D)] 4 1 and

should be unimportant. O(D) is a critical precursor to NO through its reaction

with N2 0. Thus, the predicted NO yields are extremely sensitive to the extent of

0(1)) production (see the following discussion). O( 1 D) also is formed from elec-
3 3

tron-impact excitation of 0( P) and is collisionally quenched to O( P) by a number

of species in the discharge. For these reasons, the N20 dissociation branching

ratio is the most critical parameter in determining the O/NO ratio obtained on the

discharge.

One branch of the 0( 1 D) + N2 0 reaction forms significant amounts of N 2 and

0'), but the bulk of the N2 formed arises from N20 dissociation. In gas mixtures

containing Ar, the reaction between Ar metastables and N 2 0 provides a direct S

41. Stull, D. R. , and Prophet, If. (1471) JANAF Thermochemical Tables,
Nat'l. Stand. ltef. Ser. , NtS 37.
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electron-impact excitation and an effective first-order remnovat that is consistent

with other observations in the ac-tive discharge. In previous observations of

atom ic-nitrogtrn resonance radiation excited by direct energy transfer fromn A r

in a nearly-pure Ar discharge, w e noted that the addition to the a ctive discharge

ofsignificant amounts of Xe, a strong quenchcr of Ar, , reduced the sten dv-state-

number densitY ofi .- r only moderately, implying that the net loss rate for- Ar
must be near 10 s in pure. Ar. (This effect could be due larg!elY to

quenching of Ar by secondary electrons. Using this value to describe Ar

removal, '.k then adjusted the Ar production coefficient to v a large enough

Ar number (iersitv to match the observed N and 0 yields as described he-re. ['hec

resulting rate coef'fiient is consistent with a pure Ar discharge but is about a

factor of 10) greater than we might expect for Ar ,%~ ith impurity levels of a few% pcr -

cent. However, we have not considered other Ar Sources (for example, cascade

from higher states formedi in dissociative recombination of Ar.) %v. ith e le k-trons),

and our assumed electron density may be too small. In any case, the relevant
12 - 3

factor is the steady-state Ar' number density that is in the 1i) cmn range,

consistent with Ar and He metastable number densities required to explain flux

levels of 0 and N resonance radiation observed in microwave-discharge line

sources. Furthermore, the predicted Ar' number density, is onlY

vkeakly dependent on the initial N,,U concentration, as we previously observed for-

Xe as a collision partner, l T 5 his latter effect is important for our analysis,

because e + N.,U is niot suff icient by itself to explain our observed [01 (INOI ratios,

and we require that 20 to 50O percent of the early-time 0 production take place via

Ar~ +~ N,) over a 2 '-fold variation in [N,()]
-0

I'he -alc-ulations use'd a modified predictor -corrector cornpUter- (Od( dS igne(

to solve numerically 'stiff'' sYstemns of coupled differential. 'qUa tiunS. )Im Filt-

de-pendent solutions extend 50)0 Ps, typical residence times in our dis charxies a ii

-3mo s. Vipure 19 show a sample results for an Ar/ N,0 iture. At aibout

2)il "s, the kinet.,cs are nearly in ste-ady-state. 1 grc2lispln s the Sj)( I WS

-onc( ntri'Ot{) ais fuinctions of initial N, l evel at 3'l ,."s, repcseutntivt of Ili

neutral gas , mpus itior, at the exit of th( active disha 1i1.ce.

P;Kiipe I" I.. M;,\urpliv, 1H. (.,and RnawlIins, r, 0 0. 111) JDe\'e-1OV11 tt of

((0 I..I ____ Wbsorptimu S lse' n mlipt A il 171 -11
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oN t , :Iint N t) " It i-S II l c t 1 dis taic i

c Stt'i.':i II tiolli the (iS ist['c, \\ e rllust colic 't the pred i cted con centr'ations

NT* NO ) N, ii) (1-)

proceedis to compJletion uetxi.ecn the discharge exit anti the measurement station. :

k' igurc 2 1 compares the final, predicted concentrations of 0, N, and NO at the

measurement port as lunctions of JN,)O] with experimental results obtained underS (1

comparable conditions. Figure 21 also indicates predictions for the case where
IN.)O dissociation by electrons proceeds entirely via the O( D) production channel p- 3 - 13

[Reaction (10)1 with a rate coefficient of 11)(8 cm s The 0(3P) case clearly

compares very nicety with the observations, while the O(D) case gives too much

NO and not enough 0. More significantly, the predicted [10 /[NO] ratio is incon-

sistent with experimental results. NO formation is overpredicted in the case

where Reactions (ii) and (11) are assumed, because at early times, before signif- "

icant N. has built up, N,,O is the major quenching partner for O(1D). In that case

every three N*,0 molecules form two NO molecules but no O( P). As N and NO
accumulate, this branching ratio moderates somewhat, but most of the NO has

already been formed at this point. Increasing the rate of Reaction (10) by an order

of magnitude increases [OJ but does not change INOI. Consuming N 2 0 by electrons

faster than the 0(1D) can react with it requires an unreasonably large rate for

Reaction (l0).

Thus, direct production of 0(3P) from N2O is necessary. Reacting N 2 0 with

At' provides such a source. If we reduce the rate of Reaction (10) to agree with

experimental [NO 1 data, however, we obtain 101 < [NO], unless we postulate

extraordinarily high [Ar' ]. Therefore, we must conclude that, in a microwave

discharge, the electron-impact dissociation of N 2 0 proceeds primarily, if not

entirely, by formation of 0(3P) in a spin-forbidden process.

Comparison with data obtained for other gas mixtures at similar pressures,

flow rates, and discharge powers (that is, comparable discharge conditions)

strengthen our interpretations. (alculations on He/N 2 0 mixtures use the mechan-

ism of Table 1 except, of course, for the reactions involving Ar*. He* conceivably

could lead to 0 formation via Penning ionization of N 9 O followed by dissociative

recombination of electrons with N,)0+ or, possibly, with NO', which would be

formed by rapid charge exchange. However, this mechanism has many pitfalls: p
(1) i-[e: is probably in somewhat lower concentration than Ar*, thus reducing the

overall throughput; (2) N.0 + and NO might be subject to other fast loss processes,

such as surface recombination; (3) dissociative recombination will form elec-

tronically excited 0 or N which would in turn lead to the formation of NO rather

LS
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this case. Furthermore, the addition of such large amounts of N. to the discharge
will alter the characteristic electron energy distribution and number density sig-

nificantly, and might render kinetic processes involving atomic -nitrogen meta- ~
stables significant, although still minor. We considered neither of these factors

The important point, however, is that fairly iar~c amounts ot N., arc required to -

produce enough N to remove the NO) that is formed in Reaction (11).

T'he eNiielmer1C-tal reStSi Show that r . iwhm L215 a-:e 11 11 A '
sources of atomi 1 oxYger. A ('I-(rr )bO to 1 fl ra t, , -. ,,t '.1.- 95'

s at fairly modest dis charu pw rs th( so011cc is al' Is t 1, if It: 'u'. -

Ierting about 7) percent of the nitrous ,!) 1c 1, 11ll s~' :'r~i c':a

feed rates less than 10. to 20'( 4111o s. Ju dicio cniu. O. !I sh ( 1

and the addition of miolecular rutro-ICn to the 'l. i, Ila t ) I' t r t : 'Itoi I IIL -!litrl)2o I ;

or nitric. oxidt fromn at ;I~p ifl t-u 'toill ii pl'2 ill t. 10.f vo11! V

atoinic nitroffen an-1 nitri. ox tdc both sir( tietit isi t: aI I ' 0 0

of emnission of 56': no:, -atoli ano' Vi() rcoai iain It)il 6(i !1 "1wl

1)f 531-nT) k I 5511

undt.r thu( assu!Itl "n; thalt 9ah ii t.! nl p . N . '\

throuL!h th( tpr-obdui .harnul to tLoclul t t)( I ti thliisli1 i 1, -

the dis- ;oc ittons 1.( suit fron i: t1i1- - (v. t I II I i-i he%, ( o,: 1:11 N

Ihe trodelitig ca11uia.ti(tis also mb!1 att that p(hl-~') 1 11

n itrous o\ iv c ed to thtu his h a r_-(i1 i i nlhS o ta t Io h t 0 1 tI4

flow rates out of thu dsha .' ar ytncrajly an )1 :11 o II '

of atomic oxvigeti. rhus , thlt arieon nlitrous fIxi .( ciishm In h, I :
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oxide, or rzio11 oculat' oxyicen :ioaaiintc -1'c. i tha :'

A ith the two'( fornmc( 1 pro(IuL(tS html contrciulahl( 111 Sil-! 11'0

LL



r*

References

1. Ifmard, C .J. (197') Kinetic measurements using flow tubes, J. Phys. Chem.

S!. ]1iis, .. , Ogivzlo, E.A. , and Schiff, ff. 1. (1959) The study of electrically
tlis(harged 6,0 by means of an isothermal calorimetric detector,
('an. .1. (bern. 37:168').

3. Mathias, A., and Schiff, H1.1. (1964) Discussions Faraday Soc. 37:38.

4. March, H. E., l'urnival, S. G. , and Schiff, H.l. (1965) Photochem. Photobiol.
_4:!_7 1.

. Look, T.J. , and Miller, T.A. (1,974) Production of 1A602 from microwave
discha ges in C02, NO 2 and SO2' (hem. _Phys. Let. 25:39(.

9. Piper, L..G. (1978) Unpublished results.

7. Kaufman, F'., and Kelso, J.1. (1958) Reactions of Atomic Oxygen and Atomic
Nitrogen 'Aith Oxides of Nitrogen, 7th Int. Symp. Combustion, p. 53.

1. Black, G., and Slanger, T.G. (1981) Production of 02 (a 1  l by oxygen atom
recombination on a Pryex I surface, J. Chem. Phys. "i:57.

!J. Lundel 0. 1. , Ketcheson, R.,D. , and Schiff, Ht.1. (1969) The Production of

O( P) Atoms, Free From Excited Molecules, and Their Reaction With 3'
12th Int. Syrip. Combustion, p. 307.

in. McCrumb, J. L. , and Kaufman, F. (1972) Kinetics of the 0 + 0 reaction,
.J. Chem._Phys. 57:127o.

11. Rawlins, \A. F., Piper, L. G., Caledonia, G. E. and Green, B.D. (1981)
(O(flHS" Rescarch, Physical Sciences Inc., TP-298. -

12. Ung, A. Y.M. (19)75) A microwave discharge in N2O-N, mixtures: A prolific .1
source of oxygen atoms, Chem. Phys. Lett. 32:35

13. Kaufman, F. (1958) The air afterglow and its use in the study of some reac-
tions of atomic oxygen, Proc. Roy. Soc. (London) 247A:123.

LI
oA



il 1)', 1 tI-,1.0

P ii 1 ' " It A I nto M ou iopt -ln ' . B. n' 198 )1icto

I 4~~~ ~ i~~i~~ ~I I~ i \io I444O -,I I) T '' ~rP r

I!. OPL14 1 )lt1I). (pl4;2) H('\'. Si. h'.qtr .1,9: 48.

21 hld \.I- .andIThruosh, K .A. (10'7:0) Atteprro-.s, Rep. Plrop. Plivs.

.,ontil ,A.,l Mecr H..1. , and Schiff, Li. L. ( Po4 I Atisolute quantum vivid
it t14441 144114,n ot' the NO - 0 ieu 'tion and its us' as a standard f'or
ciirilti 4045n lt eaitions, J. Clicni. Pli's. 4 ):tA.

21.SooXI. Morioka, Y. ,and Nakalln nia RI N. (198(l) A hsolutc ra t( c'onstant
foi' tilt I14L'Iji IUioIIi inSCet Pe(,a tion of atoici oxygen wilth nicli oxide,

P!i. ' ' 7 2 :2

:4 4 imigh, 1'. N. , a ; Fidrush, B. A. (I ftT7) '\I hianisiv of th, ch(,ii11111; ifL-tl t
rt.eI hion It.'. 1:. I, Ili( oxide Ind o-zone, Trans. Farzadav ,ou. 'li3:!1

2 I ri-I1, P,. (it) :\i 1111jP(I'.d rnicro)4.4ave ii-i-tai' avt for 2-lID .1.,!)

ke .; i. Ktr. 4i:27(1.

2. \:i ' AI., Hll, I\. 1). , and Ixine via, \V\ . H. (1,71]) Absolut, rat(14 ollr-;Ullt
!11t 'IIV( 71) ntI, I] tilt 4I jatjv;t 0111 j;ltjc(I f 1 i i i Pv i th llitri

om244, .\A\ -.':1.).

:41. (k. od , 11. 1, . H o-I' clw .. , aiI i :ultI Ia n , I.,. (I t,73 ) Abso Iute: ra tr constant
11' Id III I I'I 11 l ftii .11 84 I 4 41( lit I Y-IIir I I t li I, I ii s.

V. 0I ia~ io i I I 1 I t Ft.1' 1 14 II''' , lckf 114n

h ] 4 , Poll lfln 4' . I 'd'ii I ' IT - , -o : I 11 A h07 f; Ix.

'A a 1!,. ~ I 4. B I a 1 I ' I '' DG 4

4-f: 1 H 'flt , 1 144 . I Ii 7~ 1

1. 'ia''i[t' ,A. V. ., zod Sltirtiva, 1 (. W )78, ) SjII)'.4 list) 4b4ti01 if tilt
'111 ]]r];jtimiii 4 flc f lcat( -onsta.t inr, theo )4 ()(+M)\ an 40 + # Nt)("i-1

ills., 1 I ij 1 I. , ld >at' e, N.j' - (13] I'1j('tj'. Stuc ' itt grounfl' state atoll];

1(41 i'~ I, 14,i N (2 f, I 1v til!t -r(-ioi%\'-d 1to rt,'oll n'e f~luor( 'Iro-I',
1. iIn'. H o' .I:11.1 a v I s. II 2 :61'-

k,



A-. th t ;I L I

~ti LI.1)a, filt c tl.A. ant 'iif t 11. . ( If,)]n~, -4

4 111man IS. (01)9 'h produc(t itio of tom11s an simpl rad Iit.al in'1o

i~~t'~~th~irgesI Advance in ohi.le, 0:

S~~~nd,~~ 7.f ., 3 7

I1. P I fa tik r D .1 .B .( Inc' it.. t S oxonL f , 1. . and N ip 
ill ctt oHe ftv ate constants for spcfcpouth n ch nl fm 1)etatbsl b

lo. Kafmn 1'. reac9)Theponiofaos and sptomtrclraionpnle acuum unltra-
diu1rgs Adane in Ihem. Sers 80:29.

41.Stll a.1, t nd h ohetal N1 ('X L) tate, Bhullrm.ela Phy. oc 2: 00

-14.4 I' I :~ , I..A, i -sard, j. \. ilundel, MA. A. , an Stebbn , J. . ,. (1dNp,4)
Wl71e)! Huliat on tant fton spifin prdc chnlnroetastable hlu tmJ hs

-ne'. A.) aiolins, n. spect(1met)reasubremeont of the adiativ ife -

impac o te mIetastable NeVI. s tte,~ BuVle.i. 1'hys. Soc 7:1m).

4. 'jv. 1). , anv'rd PhJ. Ipset R. 1) (,7; aunhnd f (Abbns R. 1v 9, b)N

I7 an; lins, iza nd vKalions invoin" me177)thastablet heticm ao s J.1 )and N( B

-1 oieIv, An.L and . bii acleii inI. 1 )I'(S50 ( hsuem oi; dfschae aiapslfe
III( itpi~ V( LIs of Itdii o LtI' Pfans. H

.4; l !.ill,, \k . 1. (1P'77) 'qpications of UI and NI Ht soniance Absorption in thi
a( un:in jltlZV I. t to toIWCS W of lectono7V ij cn s f vr int AItv

N itroiiten Il Lin foadep~ in I ou% Pressuret INt Dis( hiaij L1-11 I~ms and
11I-i lit I~ no 1iW 5 n 1U 1 ) -I Wensities, Thesis, Univers ity of -

P LttSbl'igh.

-49f. Ii r IL\, J. I . , I' r rcira, M..\. , a nd R i (ard, A\. Q( 7 3) A tot Ii (- an d
4 Moltcular Nictaistabies in theElectricalUisc harges, Universitv of Paris-

P i i C 1, ' f, \lirnhdi, If.(t. and( Ra%%'.lins, W -8' l'd1) D~v(elopliklt 1)1
M I It i , Ai.) bzoition Sa-steajw, Final ipoit, HI~I.- -1Ll,

C)rI1?



Si. Lewis. P. F. (1974) The Forward Marching Solution of Coupled Differential

Equations, Physical Sciences Inc., TH-19.

II

*t

-w.

I:

0 . . . .. . . . . .. . . | •, h id m l 'm d l l ia";b...ilaul .. ri ,,a ,.,rn ,.. ,,,a .,b -k .,,~., -



Appendix A

ApliatonofN0 Discharges to COCHISE 03 Studies O

The recombination of atomic and molecular oxygen may give rise to vibra-

tionally excited ozone in the upper atmosphere via the sequence:

0 +09) +'M- 0 3 (v I) + m (A i

(<(v') + \I 01,,") NI W)

heen rnk ~40It a~nrniett;- of infrared attnnn't( ri, cii -vi ni

ate timhat }jm: n en cc in the fundamental band of ( .. I e(actioln (A'0 I nqNv

Le a SjII. -fL:Icat 0're uL I- to 12 -urn radiation in the uppe~r atnmosphe re bket\\ t t

andi 1); kill

Ml I 11SY fa (iiitv, possesses a unique uapa hil itv tor !hc invest il-ation of

I eactions (A 1)I through (A3 ), owing to its high sensitivity we a- I( kill.A

Al1. Naidj ,l U. Mi. ,Sta ir, A. T. ,Jr. ,Wheeler, N. B. , PIrouishait, D. 6.
Vvatt, L . , Haker, 1). J. ,and Griedler, F.l*. (1978) SPIRE -Speetral

Infrared Ro ft-xpe riment (Prelr n R~yesults), AFGI.-TH-78-i)107,

A2. Green, B3. D. ,Hawlins, \W. T. , and Cialedonia, G. L. (1980) Inteim Heport
on Itih AltitudeRadiationSignatures, Physiteal Sciences fWe. , TR-23 1.



A3A

preliminary investigationA3 -A) of the recombination processes yielded the first

laboratory spectra ever obtained of 03 vibraluminescence. In these experiments,

0/Ar mixtures (0.5 to 73 percent 02) were passed through the microwave dis-

charges to produce 0. 09 and Ar were alternately used as counterflow gases. The

important findings of that study are: (1) most or all of the observed 03 emission

(limited to the v 3 band near 10 j*m) was the net result of recombination and col-

lisional deactivation [Reactions (Al) and (A2)] occurring in the discharge sidearms;

(2) the observable steady-state vibrational populations under these conditions

extended as high as v' - 6; and (3) the vibrational analysis was complicated by the

possibility of excitation of the manifolds of the combination states (v I + V 3) and

(v9 + 3 ). These results have been extended in more recent COCHISE experi-

ments; these data and their aeronomic significance are discussed in detail in an

earlier report. A6

Successful measurements of nascent O 3 (v) from Reaction (Al) in COCHISE

will require (1) attainment of favorable pressure (controlled by the reaction cell

temperature) and atomic oxygen concentration (controlled by the discharge con-

ditions) in the flow interaction region of the reaction cell and (2) elimination of

fluorescence contributions from 03(v) formed in the discharge inlet tubes. The

experimental conditions required for the first goal can be mapped approximately

for typical discharge operations by means of a steady-state analysis similar to

that used in References A3 and A5. Briefly, 0 3 (v), formed in the interaction zone

by recombination of discharge-produced 0 with counterflowing 02' is in steady

state (while the discharges are on) between formation by Reaction (Al) and removal

by both collisional relaxation and cryopumping to the cell wall. The collisional

deactivation rate will be essentially that due to collisions between 0M(v) and 0, A 7

since other species likely to be present (such as 02 and Ar) are relatively
A8,A0inefficient relaxation partners for 0 3(v). The cryopumping rate is difficult

to estimate due to uncertainties in the effective cryocapture coefficients and pos- %

sible effects of wall collisions on species in the field-of-view; these uncertainties

arise primarily at elevated cell pressure and temperature. Simple mass flow

considerations A 11 suggest a pumping rate of 1.4 X 104/Pint where Pint is the

reaction zone pressure in mforr. The results of this steady-state exercise for

three cell pressures are shown in Figure Al. The effects of relaxation by atomic

oxygen can be seen in the deviation of the solid curves from the dashed line. These

feasibility estimates indicate that the most favorable conditions for observing

nascent distributions are pressures near 10 mTorr and [01 /(0,,J ratios near .S A5

0. 01 to 0. 1. By comparison, previous COCHISE 03v) experiments were

Because of the large number of references cited above, they will not be listed here.
See References, page
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Figure Al. Anticipated 0
3 (v) Yields in Interaction Zone for

Discharge-flow of Ar/N 2 0 vs 02 Counterflow, 100 K. The
difference between dashed and solid curves illustrates the
effect of 0 vibrational quenching at high 10] /102J

performed at 3 mTorr and [0] /102] < 0.01. No evidence could be found of 03(v)

formed in the flow interaction zone; this result is consistent with the prediction

of Figure Al. We have since operated COCHISE at reaction zone pressures as

high as 30 mTorr; however, further measurements at elevated pressures will be

needed to characterize the operating conditions and effective residence times more

fully.

In order to observe nascent 0 3 (v) in the reaction volume, 0 must be generated

such that recombination with 02 in the discharge tubes is avoided. An attractive

possible method is by microwave discharge of N2 /N 2 0/Ar mixtures, in which 0

can be generated in the near absence of 0 as described in this report. This
2A A12

technique has also been demonstrated by Ung; however his experiments were

performed for flow conditions that were much slower than those used in COCHISE,

and the results cannot be extrapolated to COCHISE conditions reliably. Thus, the

discharge experiments reported here provide an excellent demonstration of the

feasibility of using an Ar/N 2 0 discharge in the COCHISE experiments.

A12. Ung, A. Y. -M. (1975) A microwave discharge in N2 0-N 2 mixtures: A
prolific source of oxygen atoms, Chem. Phys. Lett. 32:351.
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